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ABSTRACT
INVESTIGATING THE ROLE OF YSLs IN ORYZA SATIVA AND ARABIDOPSIS
THALIANA THROUGH RT-PCR AND YEAST FUNCTIONAL
COMPLEMENTATION
SEPTEMBER 2009
JEFFREY CHIECKO, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed By: Elsbeth Walker

Iron is an essential nutrient for plants but is often biologically unavailable as it
forms Fe(III) precipitates in soils. Maize and rice (Oryza sativa) as well as other
graminaceous species release phytosiderophores (PS) that bind to insoluble Fe(III)
species, creating a soluble Fe(III)-PS complex. Once formed, these complexes are
transported across the plasma membrane. In maize the protein responsible for Fe(III)-PS
uptake is Yellow Stripe1 (ZmYS1). Based on sequence similarity to ZmYS1, Yellow
Stripe-Like (YSL) proteins have been identified in non-graminaceous plants including
mosses, gymnosperms, and dicots such as Arabidopsis. Because Arabidopsis and other
non-grass species do not synthesize nor utilize PS, it has been hypothesized that these
proteins transport Nicotianamine bound metals. Nicotianamine is a precursor to PS that
is found in all species; it is structurally similar to PS and is a strong chelator of divalent
metals. In O. sativa there are 18 OsYSLs. This thesis comprises two focal points. First,
I present semi-quantitative RT-PCR data that shows that OsYSL6, OsYSL12, and
OsYSL16 are upregulated in both glumes and flag leaves during seed set, suggesting a
role for these transporters in metal redistribution to emerging seeds. Second, I
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demonstrate that OsYSL15 transports Fe(III)-PS and Fe(II)-NA. Coupled with existing
data, this suggests that OsYSL15 is the ZmYS1 ortholog. To characterize OsYSL15 I
developed a yeast functional complementation assay. This assay utilizes the fet3fet4
strain of yeast that are defective in Fe uptake. In this assay, fet3fet4 yeast heterologously
expressing YSLs will only grow if they are given a form of Fe that the YSL protein can
transport into the yeast. Utilizing this assay I demonstrate that OsYSL15 can transport
Fe(III)-PS and Fe(II)-NA. In addition, I characterize four Arabidopsis AtYSLs and
demonstrate that they transport Fe(II)-NA.
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CHAPTER 1
INTRODUCTION

Iron is an essential micronutrient for both plants and animals. Its ability to exist as
both Fe(II) and Fe(III) ions has led to its inclusion within enzymes involved in both
respiration and photosynthesis. In the electron transport chain of mitochondria, electrons
are passed from one iron-containing prosthetic group to another, generating along the
way a proton gradient from which ATP is derived. In DNA synthesis iron is used by
ribonucleotide reductase, which catalyzes the reduction of ribonucleotide diphospates to
deoxynucleosides (Wang and Liu, 2006). The size of the iron ion, its oxidation state and
its propensity to accept and donate electrons are at the heart of its function. Depending on
its environment, the redox potential of iron spans +300 mV to -500mV (Braun and
Hillmann, 1996). It is this nature of iron that has lead to its inclusion into so many
enzymes, but also causes many problems associated with its maintenance inside of cells.
The high reactivity of iron imposes dangers on cells. Free iron reacts readily with the
byproducts of molecular reactions that use oxygen as their final electron acceptor. Two
of the products, superoxide (O2-) and hydrogen peroxide (H2O2) can form the highly
reactive and non-selective hydroxyl radical. The hydroxyl radical is extremely damaging
to the cell as it will react with nearly any bio-molecule including DNA, proteins, lipids
and sugars (Kim and Guerinot, 2007). To prevent unwanted reactions from occurring,
plants and other organisms keep iron bound to a chelator, these chelators stabilize the
metal ion and help prevent it from undergoing redox reactions.
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In humans, the majority of iron exists in hemoglobin where it serves as the
binding site for oxygen as it is transported from the lungs. Without adequate iron, iron
deficiency anemia (IDA) develops. This is characterized by fatigue, impaired learning
ability and increased susceptibility to disease. IDA affects an estimated 2 billion people
worldwide (WHO, 2003). Regions that depend on grains as a primary source of
nutrition have the highest rate of IDA (WHO, 2003). A sustainable method of reducing
IDA would be to increase the iron content of grains. Before this can be accomplished,
the mechanisms by which iron is acquired, regulated and distributed in plants must be
elucidated.

Like humans, plants require iron for electron transport chain reactions, including
those of the mitochondria and both photosystems. Additionally, in plants iron is essential
for, among other things, chlorophyll biosynthesis. Plants that lack sufficient iron typically
exhibit chlorosis, a condition that is characterized by insufficient chlorophyll, hence the
chlorotic (yellow) phenotype. Together, the effects of iron deficiency cause an overall
reduction in plant health, reducing crop yields worldwide by up to one third (Mori, 1999).

Despite the fact that iron is the fourth most abundant element in the earth’s crust,
it is scarcely available to organisms that are dependent on it. In typical aerobic soils iron
exists in the Fe(III) oxidation state, undergoing hydrolysis reactions to form iron
hydroxide (Fe(OH)3). With a solubility constant of 10-38 M (Ksp = [Fe3+][OH-]3 ≈ 10-38
M) iron hydroxides exist primarily as a bio-unavailable precipitate (Guerinot and Yi,
1994). This leads to an important conclusion that the amount of bio-available iron is
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dependent on pH, and that at a neutral pH the amount is exceedingly low, ~10-17 M. For
optimal plant growth, soluble iron concentrations in soil should be in the 10-4 to 10-9 M
range (Guerinot and Yi, 1994).

As a result of iron’s high reactivity, its low bio-availability and its essential
function, the mechanisms plants use to acquire iron, chelate iron and regulate iron is as
elaborate as they are essential. This thesis addresses how both dicots and monocots
acquire iron and distribute it to the newly emerging seeds.

1.1 Strategy I. The Dicots
Because Fe(III) is sparingly soluble at typical soil pH levels, plants have evolved
several mechanisms with which to acquire it. The dicots and non-graminaceous
monocots utilize an acidification and reduction-based strategy for iron acquisition (Figure
1A) in which H+ATPase acidifies the rhizosphere, solubilizing Fe(III). Fe(III) is then
reduced at the root surface to Fe(II) by ferric chelate reductase, and Fe(II) is transported
into the cell via IRT1. This process is known as Strategy I (Figure 1A).

To acidify the rhizosphere, proton-ATPases pump protons there, where, for every
unit of pH dropped, there is 1000-fold increase in the solubility of Fe(III) (Olsen et al.
1981). H+-ATPases in both Arabidopsis (AtAHA7; Colangelo and Guerinot, 2004) and
cucumber (CsHA1; Santi et al. 2005) have been identified, and the expression levels of
both these genes are up-regulated in response to iron deficiency.
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Prior to its transport in to the cell iron must be reduced to its more soluble Fe(II)
form. At the root surface, this is accomplished via a membrane bound ferric chelate
reductase (Robinson et al. 1999). In Arabidopsis the family of ferric chelate reductases,
FROs, contain eight members including AtFRO2 (Jeong and Connolly, 2009). AtFRO2
is expressed primarily in the outer layers of roots, and AtFRO2 loss of function mutants
(frd1) have defects in the reduction of Fe(III)-chelates, resulting in extreme chlorosis (Yi
and Guerinot, 1996).

After reduction to Fe(II), the ion is transported into root epidermal cells via the
Iron-Regulated Transporter1 (IRT1) (Eide et al. 1996). IRT1 was first identified by yeast
functional complementation screening of an Arabidopsis cDNA library. In this
procedure, cDNAs cloned in a yeast expression vector were transformed into a mutant
strain of yeast, fet3fet4. fet3fet4 strains of yeast are very sensitive to iron concentrations
and will typically die if the medium is not supplemented with additional iron. The
expression of IRT1 restored iron limited growth of fet3fet4 to near wild type growth. In
Arabidopsis, IRT1 expression is upregulated by iron deficiency (Eide et al. 1996). Vert
et.al. (2002) showed that irt1 mutant plants have a lethal chlorotic phenotype which can
be rescued when transformed with a fully functional IRT1 gene driven by its native
promoter.

1.2 Strategy II. Grasses
Grasses such as maize, rice and wheat have evolved a more efficient system for
iron uptake in alkaline soils, which are buffered against acidification. This strategy,
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Figure 1. Iron acquisition strategies in plants. (A) Strategy I iron uptake in
Arabidopsis:: acidification of the rhizosphere, reduction of ferric Fe(III) to
ferrous Fe(II)) via Ferric Chelate Reductatase
Reductatase2
2 (FRO2), transport across the
membrane via Iron
Iron-Regulated
Regulated Transporter1 (IRT1). (B) Strategy II iron
uptake in maize: extrusion of ph
phytosiderophores
ytosiderophores (PS), chelation of iron (III)
by phytosiderophore, transport of Fe(III)
Fe(III)-PS complex across the plasma
membrane by Yellow
Yellow-Stripe1 (ZmYS1).

5

referred to as strategy II (Figure 1), is highlighted by the release of phytosiderophores
(PS), which are low molecular weight Fe (III) chelators (Figure 2). Phytosiderophores
preferentially bind Fe (III) and the resultant complex is soluble. At the root surface, a
high affinity transport protein transports the entire complex into the cell (Curie et al.
2001).

Bacteria, fungi and grasses all utilize siderophores to solubilize iron (Braun and
Killmann, 1999). In plants, a family of related molecules, the mugineic acid (MA)
family, is used as phytosiderophores. Thus far seven types of these ‘phytosiderophores’
have been identified (Bashir et al. 2006). To produce mugineic acids, graminaceous
plants utilize a precursor compound, nicotianamine, that is found in all plants. The
grasses utilize two enzymes in committed steps to produce the basal mugineic acid, 2’–
deoxymuginiec acid (DMA) from NA (Bashir et al. 2006). Maize and rice secrete DMA
exclusively, while other grasses such as barley and rye secrete hydroxylated derivatives
of mugineic acid (MA), including 3-hydroxymugineic acid (HMA) and 3-epihydroxymugineic acid (epi-HMA) (Bashir et al. 2006) . Analysis of the mugineic acids
including the hydroxylated derives suggest that these alternative forms enhance iron
acquisition by protecting the complexed PS against protonation (von Wiren et al. 2000).
By avoiding protonation while complexed to Fe(III) these phytosiderophores maintain a
high affinity for Fe(III) thus lowering turnover in an acidic environment as found in the
rhizosphere. The enzymes that catalyze DMA production, such as deoxymugineic acid
synthase (DMAS) are upregulated during iron deficiency in maize, barley and rice
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Figure 2. Proposed structures of nicotianamine and the phytosiderophore,
2’-deoxymuginieic
deoxymuginieic acid (figure adapted from von Wiren et.al, 1999).
Carbon: green; nitrogen: blue; oxygen: red; hydrogen: white; Fe(II): aqua;
Fe(III):yellow
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(Bashir et al. 2006) and plants that produce higher quantities of MAs are more resistant to
iron deficiency (von Wiren et al. 2000).

The Fe(III)-PS complex is transported into root epidermal cells through the
Yellow-Stripe1 family of transport proteins. First identified by our group (Curie et al.
2001), the maize Yellow stripe1 (ZmYS1) gene was the first Fe(III)-PS transporter gene
identified. The ys1 mutant plant exhibits a chlorotic phenotype marked by yellow stripes
(Figure 3), and has reduced iron concentration in both roots and shoots (von Wiren et al.
1994). Roberts et al. (2004) reported that both transcripts and protein levels of ZmYS1
increased in both roots and shoots of iron deficient plants. To ensure this protein was the
transporter responsible for the uptake of Fe(III)-PS, our group functionally expressed this
protein in the iron uptake defective fet3fet4 strain of yeast. When strains expressing YS1
were given Fe(III)-PS as a substrate, this protein restored growth (Curie et al. 2001). To
determine the substrate specificity of ZmYS1, researchers have used yeast functional
complementation and competition assays as well as two electrode voltage clamping in
Xenopus oocytes. Through yeast functional complementation researchers have now
shown that ZmYS1 can transport Fe(II)-DMA, Fe(II)-NA and Cu(II)-DMA (Curie et al.
2001); (Roberts et al. 2004). Because DMA is not expected to occur in leaves, and
ZmYS1 is upregulated in shoots, it has been suggested that ZmYS1 is not only involved
with iron acquisition but also internal allocation of Fe(II)-NA complexes. To explore
other potential substrates, yeast were grown in medium with radiolabeled iron. If other
metals served as potential substrates, their inclusion in the medium would result in
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competition for iron transport and radiolabeled iron. The results from this competitive
yeast assay suggest ZmYS1 can also transport cobalt when chelated by DMA (Roberts et
al. 2004).

To better understand the transport properties and further understand the specificity
of ZmYS1, researchers have used Xenopus oocytes. Oocytes are particularly good for
studying transport proteins as they are largely devoid of endogenous transport proteins
and can heterologously express proteins when injected with cRNA. When placed in an
osmotically balanced and buffered solution the influx or efflux of electrically charged
molecules through the transport proteins can be monitored via electrodes connected to the
oocytes.

Utilizing this technique, Schaaf et al. (2004) , studied the transport properties of
ZmYS1. Their data suggest that the ZmYS1 transporter has a substrate affinity between
5-10uM at typical membrane potentials found in root epidermal cells (-120 to -180mV).
Their data also suggested that these transporters are dependent on pH, with greater acidity
leading to greater transport levels. These data support the view that ZmYS1 co-transports
multiple protons with the transport of each Fe(III)-DMA complex, utilizing the driving
force of the negative membrane potential to drive the resultant positive charge into the
cell. One of the flaws that may undermine this work is the lack of background current
presented with the data (though it is mentioned to be negligible). Additionally, this group
used oocytes to determine possible substrates for ZmYS1. They concluded the ZmYS1
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acts as a Fe(III), Ni(II), Zn(II), Cu(II), Mn(II), and Cd(II) DMA transporter. They also
showed evidence that ZmYS1 can transport Fe(II)-NA.

The barley YS1 ortholog HvYS1 has also been identified; it encodes a protein that
shares 72.7% identity with ZmYS1. The expression of this gene is upregulated in
response to iron deficiency and both immunoblotting and mRNA hybridization suggest
that it is predominantly expressed in root epidermal cells (Murata et al. 2006). Like
ZmYS1, HvYS1 transports Fe(III)-DMA as tested via yeast functional complementation
experiments, but unlike ZmYS1, it does not transport Fe(II)-NA. Substrate specificity
for this transporter has also been evaluated using oocytes. In contrast to ZmYS1, HvYS1
appears to have a greater specificity, transporting Fe(III)-DMA and not Fe(II)-NA
(Murata et al. 2006). Combined with the expression data this suggests that HvYS1 plays
a role similar to ZmYS1 in iron acquisition, but distinct in that it does not transport
Fe(II)-NA nor is it upregulated in the shoots.

1.3 Yellow Stripe Like (YSL) transporters and nicotianamine
The YSL family was first identified based on sequence similarity to ZmYS1
(Curie et al. 2001), they belong to a family of oligopeptide transporters (OPT), with
which they share less than a 20% similarity (Curie et al. 2009). The OPT family is not
well characterized, but it is known that it has members in plants, fungi, bacteria and
archaebacteria, and it is suggested that each OPT subclass functions in the uptake of
amino acid-containing compounds and their derivatives (Yen et al. 2001). Based on
sequence similarity there are eight YSL proteins in Arabidopsis. Dicots do not produce
PS, suggesting that YSL proteins serve a different role than that of iron acquisition. The
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Figure 3. ys1 mutant phenotype. (A) Wild type maize leaf.
(B) ys1 maize leaf with chlorotic phenotype.
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results from studies of ZmYS1, demonstrating its ability to transport Fe(II)-NA, suggest
the highly homologous YSL proteins serve as transporters for divalent metals bound to
NA.

Nicotianamine is formed by NA synthase (NAS) through the condensation of
three S-adenosyl-methionine molecules (Higuchi et al. 1999).

The carboxyl and amino

groups of NA act as ligands forming stable coordination compounds with multiple
divalent metal ions forming soluble and relatively stable chelates that protect the plant
from the harmful effects of redox reactions (von Wiren et al. 1999). NA is found in high
concentrations in both xylem (20uM) (Pich and Scholz, 1996) and phloem (130uM)
(Schmidke and Stephan, 1995). NA has been proposed to act as a chelator enabling the
vascular transport of divalent metals while protecting the plant from the harmful effects
of redox reactions.

Analysis of the stability of NA-metal compounds suggests possible substrates for
transport by the YSL family. In vitro analysis of NA-bound metals has shown that the
formation constants for divalent metals range from 1018.6-108.8 (Anderegg and Ripperger,
1989), these numbers are high not only because NA is a good chelator but also because
the formation constant is calculated using the concentration of aqueous iron in its
denominator ( [ML] / ([M] [L]) ) According to Anderegg and Ripperger (1989), copperNA has the highest formation constant at 1018.6 followed by Ni(II), Co(II), Zn(II), Fe(II)
and Mn(II). In silico analysis suggests that the stability of these compounds is dependent
on pH with the majority of compounds having maximum stability at near neutral pH.
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The exception is Cu(II)-NA, which has a maximum stability in more acidic conditions
(von Wiren et al. 1999). This in silico data suggests that metal-NA compounds would be
most stable in the cytosol, including the phloem, with the exception of Cu(II)-NA which
is more likely to occur at mildly acidic pH’s found in the xylem and other apoplastic
spaces.

A semi-lethal mutant tomato, chloronerva, contains a mutation of the tomato
NAS gene, which disrupts the formation of NA (Ling et al. 1999). This interruption
results in a disturbance of metal homeostasis. Mutants display delayed growth, severe
interveinal chlorosis of younger leaves, and sterility (Stephan and Scholz, 1993).
Despite the chlorotic phenotype, results show that chloronerva has elevated Fe and Mn in
the vascular bundles of mature leaves (Hell and Stephan, 2003) indicating first, that the
mobilization of iron to newly formed leaves is inhibited, and second, that the distribution
from vascular cells to mesophyll cells is disrupted.

Despite the abundance of iron in its

shoots, chloronerva has constitutive activity of its proton extrusion and ferric reductase
utilized in iron acquisition, again indicating deficiency of iron in certain cells (Ling et al.
1999). The application of foliar NA to this plant restores it to a wild-type like phenotype,
in which leaves are green with near normal distribution of Fe (Curie et al. 2009)

To better understand the role of NA in dicots researchers have used transgenic
tobacco that constitutively expresses the barley nicotianamine aminotransferase (NAAT).
Since NAAT is an irreversible step in the conversion of NA to MA, the result of
constitutive expression of NAAT is a plant in which all available NA is consumed. The
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transgenic tobacco plants show interveinal chlorosis of young leaves and abnormal
reproductive organs similar to that of chloronerva. To determine if the application of NA
would reverse this phenotype researchers applied the following to the base of leaves:
FeCl3, FeSO4, Fe(III) -citrate, FeCl3 plus NA, or FeSO4 plus NA (Takahashi et al. 2003)
Only applications that included NA restored these plants to the wild type phenotype,
implying that these leaves were able to distribute Fe-NA throughout.

Analyses performed on several non-grass species have increased insight into the
role of the YSLs. In Arabidopsis, eight YSLs have been identified based on sequence
similarity to ZmYS1, making up three subgroups or clusters within the family (Figure 4)
(DiDonato et al. 2004). Our group has conducted research on several of these AtYSLs to
reveal their function in metal transport. Of the eight AtYSLs AtYSL2 shares the highest
sequence similarity to ZmYS1. Though 62% identical and 78% similar to ZmYS1, this
transporter does not transport Fe(III)-DMA. Instead yeast functional complementation
indicates that AtYSL2 only transports Fe(II)-NA and Cu(II)-NA (DiDonato et al. 2004).
Analysis of plants carrying constructs of the AtYSL2 promoter fused to GUS indicates
that the strongest transcription occurs in and near the vascular tissue of leaves and roots,
with staining expressed in xylem-associated cells of midveins and mesophyll (DiDonato
et al. 2004). GFP protein fusions indicated vascular localization that appears to be
plasma membrane associated (DiDonato et al. 2004). Interestingly, AtYSL2 showed
down regulation upon iron or copper deficiency. Together with localization information,
the data suggest that AtYSL2 is involved in movement of NA-bound Fe away from the
xylem.
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Figure 4. Unrooted dendrogram of OsYSLs, AtYSLs, ZmYS1, and HvYS1.
Multiple sequence alignment was performed on protein sequences. Alignment
A
was plotted as unrooted dendrograms. Blue circles: ZmYS1 and proposed
orthologs.
logs. Red circles: OsYSLs that are upregulated
pregulated during seed set.
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Our group has also studied AtYSL1 and AtYSL3 single and double mutant plants.
The single mutants do not exhibit an obvious phenotype, but the double mutant shows a
noticeable phenotype of interveinal chlorosis indicating iron deficiency. This phenotype
was most noticeable during leaf expansion. Fe-EDDHA supplementation reversed the
phenotype (Waters et al. 2006). Again the expression levels of both genes, like that of
AtYSL2, was decreased upon iron deficiency. GUS staining using promoter fusions was
observed primarily surrounding veins, and was more prominent in older leaves (Waters et
al. 2006). An interesting aspect of the pattern of expression for these genes is
upregulation during senescence. Waters et al. (2006) demonstrated this upregulation
through semi-quantitative RT-PCR analysis of leaves undergoing senescence. Because
nutrients are known to remobilize from leaves into other tissues during senescence
(Himelblau et al. 2001), it was proposed that these YSLs were involved in the
mobilization of metals out of leaves. To test this, metal amounts exported by leaves of
the Arabidopsis double mutant ysl1ysl3 were measured, and compared to that of wild
type plants. The results indicate ysl1ysl3 leaves exported significantly less Cu and Zn
(Waters et al. 2006).

Thalaspi caerulescens is a distant relative of Arabidopsis and a known hyperaccumulator of Zn, Cd and Ni (Gendre et al. 2006). Due to the special chelating
properties of NA, its increased concentration in these plants, and its association with
ZmYS1, researchers have identified and studied three Thalaspi YSL genes that have high
similarity to Arabidopsis counterparts. The expression of TcYSL3, TcYSL5 and TcYSL7
was examined and the biochemical activity of each of these proteins was studied. All
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three had higher levels of expression than their Arabidopsis counterparts. In addition all
three had a somewhat different expression pattern as determined by real time RT-PCR,
with TcYSL7 found predominantly in the flower and leaf, TcYSL5 in the leaf and floral
stem, and TcYSL3 equally expressed in all organs. Using in situ hybridization, this
group found that expression was found mainly in vascular tissue of young roots and near
both xylem and phloem cells of mature roots (Gendre et al. 2006). In aerial parts of the
plant, expression was seen in the phloem, the floral stem and leaves This group tested all
three proteins to see if they could complement the fet3fet4 strain of yeast on media
supplemented with Fe(II)-NA, but only TcYSL3 did so (Gendre et al. 2006), suggesting
that it is an Fe(II)-NA transporter.

Based on the data that has been collected for NA and the AtYSLs, a working
model has been proposed in which AtYSL1, AtYSL2, and AtYSL3 transport metals into
the vascular parenchyma cells for distribution away from xylem into interveinal regions
in mature leaves. The model also proposes YSLs transport metals away from interveinal
regions towards phloem tissues in senescing leaves and out of the vascular tissue in fruit
to supply seeds.

Among the monocots, rice is of particular importance because of its role as a
staple crop and its completely sequenced genome. Rice (Oryza sativa) is a staple crop for
much of Southeast Asia, a region with a high incidence of IDA. A search of the rice
genome indicated 18 putative YSLs, with OsYSL15 the most likely to be the ZmYS1
ortholog (Koike et al. 2004; Figure 4), a topic I will discuss later. As stated previously,
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the combination of YSLs and YS1 in monocots makes the analysis of the family
particularly challenging. Based on a transcript analysis that indicates no detectable
transcripts in roots, yet strong upregulation in iron deficient leaves, Koike et al. (2004)
decided to investigate OsYSL2.

They found that OsYSL2 was localized to the plasma

membrane in onion epidermal cells (Koike et al. 2004). They also showed, through GUS
promoter fusions, that OsYSL2 was expressed around the vascular bundles, as well as in
developing seeds. To analyze biochemical function, this group utilized Xenopus oocytes
and generated Fe(II)-NA and Mn (II)-NA dependent currents (Koike et al. 2004). Based
on their data, they concluded that OsYSL2 most likely acts as a metal-NA transporter
responsible for the loading of phloem (Koike et al. 2004).

The goals of my research were three fold: (1) Identify which YSLs in rice may be
responsible for the retranslocation of iron and other transition metals to developing rice
grains. (2) Identify which of the rice YSLs is the ortholog of ZmYS1. (3) Develop a
robust yeast functional complementation assay system to characterize the transport
capabilities of YSLs.
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CHAPTER 2
THE ROLE OF YSLs IN IRON REDISTRIBUTION DURING SEED SET
IN RICE

2.1 Introduction
Based on the role of AtYSL1 and AtYSL3 in the export of metals from senescing
leaves (Waters et al. 2006), one of my goals was to determine whether any of the
OsYSLs are upregulated during leaf senescence. Oryza sativa is a practical choice for
studying the redistribution of metals to emerging grains as it is the principle crop for half
the world’s population, and is the primary crop in many of the locations where IDA is
most prevalent (WHO, 2003). Based on similarity to ZmYS1 and the eight AtYSLs,
eighteen putative OsYSLs have been identified, OsYSL1-OsYSL18 (Koike et al. 2004;
Figure 4). To determine which of the OsYSLs to screen for upregulation, I looked at the
number of ESTs for each gene. Of the eighteen, eleven have ten or more ESTs and thus
represent genes that we expressed and are more likely to be of a critical nature to the
plant (Table 2).

As source tissues, I used flag leaves and glumes (Figure 5). Glumes were selected
based on unpublished data that demonstrated rapid Fe transport directly from the soil to
the emerging panicle (N. Nishizawa, unpublished data). Because glumes are the last
organs along the transpiration stream to the seeds, they are the most logical location from
which Fe would be retranslocated from the xylem to the phloem and thus the developing
grains.
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Figure 5. Oryza sativa during anthesis and seed set. (A) Illustration of Oryza sativa
(http://www.gramene.org/species/oryza/rice_illustrations.html).
http://www.gramene.org/species/oryza/rice_illustrations.html).
(B) glume during
anthesis (top – lemma, bottom
bottom- palea). (C) flag leaf undergoing senescence (black
arrows) and inflorescence during seed set, (black arrow heads)
heads). Anthesis
nthesis progresses
from the
he top florets to the bottom. On the dday after anthesis, the florets have anthers
protruding (white arrow head).
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2.2 Materials and Methods
EST numbers were determined by using megaBLAST
(http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=4530).
Full length sequences for each gene were used to query the O. sativa EST Database,
utilizing the megaBLAST program with default options.

O. sativa (cv. Nipponbare) was grown in Morrill III greenhouse growth chamber
# 104 (model # PGW36) with 12hr days at 30C and nights at 27C (Figure 6). The
potting soil and fertilizer regime were as described by the McCouch lab at Cornell
University (Harrington and Onishi, 2004). Plants were grown in 3.5 inch pots, with five
per rectangular plastic tub (Figure 6). Approximately 3 inches of water was maintained
in the tubs, thus water was allowed to wick into the pots as needed. Approximately five
seeds were added to each pot. Following germination the largest seedling was selected
and the remaining seedlings were removed. From germination to seed maturation takes
about 100 days. My first samples were taken at approximately noon the day panicles
started to emerge, flag leaves and glumes were collected and frozen in liquid nitrogen.
For my second sample I waited until the flag leaf was about 1/3 to 1/2 yellow and the
grains were partially developed. These samples were also taken at noon and frozen in
liquid nitrogen. RNA was isolated immediately utilizing Concert™ Plant RNA Reagent
(Invitrogen, Carlsbad, CA). RNA was treated to remove genomic contamination with
TURBO DNA-free Kit (Applied Biosystems/Ambion, Austin, TX). RNA integrity was
confirmed by running a sample on a TBE agarose gel. RNA was quantified using RiboGreen (Invitrogen, Carlsbad, CA ) on a TBS-380 Mini-Fluorometer. cDNA was
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Figure 6. O. sativa (during seed set) in growth chamber.
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synthesized using SuperScript III (Invitrogen, Carlsbad, CA) with oligo(dT) primers.

To quantify the difference in expression levels, I generated primer sets for each of
the genes and for actin, a housekeeping gene whose transcription levels are expected to
be similar in all samples. To generate primers, I used Primer3 (Rozen and Skaletsky,
2000). Primers were designed to span an intron at the 3’ end of each gene enabling me
to discriminate between gDNA and cDNA products, and eliminate gDNA products from
later quantification.

To quantify expression, Kodak image analysis software was used.
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Table 1. Primers used in semi-quantitative RT-PCR
Primer Name
Sequence
oOsYSL4_left
oOsYSL4_right
oOsYSL6_left
oOsYSL6_right
oOsYSL7_left
oOsYSL7_right
oOsYSL10_left
oOsYSL10_right
oOsYSL11_left
oOsYSL11_right
oOsYSL12_left
oOsYSL12_right
oOsYSL13_left
oOsYSL13_right
oOsYSL14_left
oOsYSL14_right
oOsYSL16_left
oOsYSL16_right
oOsYSL17_left
oOsYSL17_right
oOsYSL18_left
oOsYSL18_right
oOsACT1_forward
oOsACT1_reverse

GGCCATCATCTCTTGGGGATTTC
TCAGAAAGTTTATCAGGCCGTCAGTG
TAATGAATGCACGGTCGAAGCAA
GTGGACGCAAGGTTCCAGTCTGT
CACCTCAAGGTGTCAAGCAAGCA
ATTGGCCATGGTGAAATCGAAGA
TACAGATGCTCGCCACACTGGAC
GCCGAGGATGAGTGAAATGGAGA
CCTTCAGCGGTAAAAGATCG
TCGGAGATAGGAAGCGTGTT
GTAGGGATGATTTGCCCCCACAT
ACCGGAAGCGTGCTGTTCTTCTT
CATCGCCTTCAGCGGTAAAT
GCATAGCCTCCATATGCAACG
GTCGGTTCTTCTTGGCGGTATCC
ATCCCCAAGGATCAAAGCAATGG
GATCAAGGCGCAGGGGTCTTAAC
TACCACTTCACCTGCCGGAACAT
GGGCTGTGGCTTCAAATTCTTCC
TTGGGTACCAGATGCCCTCCTTT
TCCTGCATTGCCTCTTCCAT
GACGTCGGAGAAGGACCTGA
GACTCTGGTGATGGTGTCAGCCACAC
CTGCTGGAATGTGCTGAGAGATGCCAAG
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2.3 Results
To determine which genes to include in the RT-PCR, I examined how well
represented each gene was in the large EST collection for rice. Table 2 indicates the EST
counts for each of those genes. I chose to investigate genes with greater than 10 ESTs:
OsYSL4, OsYSL6, OsYSL7, OsYSL10, OsYSL11, OsYSL12, OsYSL13, OsYSL14,
OsYSL16, OsYSL17, OsYSL18.

Table 2. OsYSLs and their number of ESTs.
Gene Name
OsYSL1
OsYSL2
OsYSL3
OsYSL4
OsYSL5
OsYSL6
OsYSL7
OsYSL8
OsYSL9
OsYSL10
OsYSL11
OsYSL12
OsYSL13
OsYSL14
OsYSL16
OsYSL17
OsYSL18

EST Count
4
5
0
23
8
>100
>100
4
8
10
16
103
19
36
30
100
19

To ensure that the PCR reactions had not reached a plateau, I performed a series
of reactions. With each reaction I lowered the number of cycles looking for a band that
was visible but not saturated. The number of PCR cycles I used is as follows: OsYSL4
(27), OsYSL6 (25), OsYSL7 (25), OsYSL10 (25), OsYSL11 (25), OsYSL12 (27), OsYSL13
(25), OsYSL14 (25), OsYSL16 (25), OsYSL17 (25), OsYSL18 (25) and Actin (22).
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To address whether any of the OsYSLs are upregulated during seed set, semiquantitative RT-PCR analysis was performed on both glumes and flag leave: glumes as
they are the last organs along the transpiration stream, and flag leaves as they are the
closest leaves to the inflorescence and serve as a source for the newly emerging seeds.
The results indicate that four of the genes showed no change in expression, four genes
showed a slight decrease in expression and three showed increased expression (Figure 7).
The three genes that were identified as upregulated in both flag leaves and glumes during
seed filling were OsYSL6, OsYSL12, and OsYSL16 (Figure 7). Expression of the
remaining genes did not increase beyond a 1.2X cutoff. For OsYSL6, transcript levels
increased 4.95X in glumes and 1.4X in flag leaves. For OsYSL12 transcript levels
increased 4.1X in glumes and 1.6X in flag leaves. For OsYSL16 transcript levels
increased 3.9X in glumes and 1.5X in flag leaves (Figure 7). To normalize the data and
thus compare samples from different times, the actin PCR product was used. I divided
the gene and actin values for each gel by the actin value for that gel, I then used the
resulting ratio to determine differences in expression.
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Figure 7. Semi-quantitative
quantitative RT
RT-PCR analysis of OsYSLs.. Quantification
was performed using Kodak image analysis software. All signals were
normalized to actin.
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2.4 Discussion
Studies on the redistribution of nutrients suggest that both the remobilization of
minerals from the leaves closest to the emerging flower, and the acquisition of minerals
from the soil are used to provide inorganic nutrients to developing seeds (Hocking et al.
1994; Miller et al. 1994; Garnett et al. 2005). My results showing the upregulation of
proposed divalent metal-nicotianamine transporters during seed set in both the flag leaf
and glumes suggest these transporters serve a function in the mobilization of divalent
metals out of the leaves and glumes in into seeds.

Since it is the nature of annuals to remobilize nutrients to support the developing
seeds, it would seem logical that the majority of minerals that are found in seeds would
be redistributed from other organs. In rice, flag leaves are the closest mature organ to the
floral meristem. The emergence of the panicle correlates closely with the senescence of
the flag leaf, which progresses from the tip linearly as a front of dead yellow cells (Figure
5C). My results demonstrate that OsYSL6, OsYSL12 and OsYSL16 are all upregulated
during the senescence of the flag leaf (Figure 7). Given the data from Arabidopsis which
supports YSLs as a metal-nicotianamine transporter (Waters et al. 2006), it seems likely
that these proteins serve a role in the redistribution of metals from the mesophyll cells to
phloem, for bulk flow transport to the developing seeds.

Because the level of upregulation was lower in the flag leaf than in the glumes it
leads to a question: how much does each process, redistribution from the flag leaf, or
acquisition from the soils, contribute in the role of metal accumulation in seeds? My data
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suggest that acquisition of metals from the soil and direct transport to the developing
seeds may play a larger role than previously thought.

While it is known that the glumes

play a role in the protection of the developing seed it now appears that they may serve
additional roles for which they are aptly suited, the unloading of metals from the
transpiration stream and the loading of these metals into the phloem. The roles of the
OsYSLs would likely be to transport divalent metals chelated by nicotianamine out of the
vascular parenchyma in the glumes and into the phloem in both glumes and flag leaves.

Though the process of selecting flag leafs at both stages and preparing cDNA was
accomplished by using the same amount of leaf weight, this process could have reduced
the amount of upregulation observed during this experiment.

Instead of using the whole

leaf, smaller sections of the leaf near or in close proximity to those undergoing active
senescence might have allowed us to observe a greater increase in transcription of the
YSLs.
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CHAPTER 3
IDENTIFYING THE ZmYS1 ORTHOLOG IN RICE

3.1 Introduction
To increase the amount of iron available to rice, it is essential to identify the YS1
ortholog responsible for uptake of Fe(III)-DMA from among the 18 OsYSLs. Multiple
sequence alignment analysis of the OsYSLs clearly indicates OsYSL15 to be most similar
to ZmYS1 and HvYS1 (Figure 4). In addition to sequence similarity, OsYSL15 shares a
position syntenic to ZmYS1 on rice chromosome 2. Kioke et al. (2004) used Nothern blot
analysis of six of the OsYSLs, and only OsYSL15 showed patterns of expression similar to
ZmYS1. These include strong upregulation in response to iron deficiency in the roots and
shoots (Roberts et al. 2004). To determine if OsYSL15 was in fact the Fe(III)-DMA
transporter, we sought to test its biochemical activity via yeast functional
complementation.

To date, much of the research conducted and advances made regarding the role of
YSLs in the redistribution of metals have been performed in Arabidopsis. Based on
sequence similarity to ZmYS1, eight YSLs have been identified in this fully sequenced
dicotyledonous model species. Studies regarding the role of AtYSL1, AtYSL2, and
AtYSL3 have all been published in the last five years. In my current work, I also
investigated whether four AtYSL proteins, AtYSL1, AtYSL3, AtYSL4, and AtYSL6
would complement the fet3fet4 mutant using the yeast functional complementation
strategy. Phylogenetically, AtYSL1 and AtYSL3 both fall in the same clade as OsYSL15
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while AtYSL4 and AtYSL6 fall into a different clade with OsYSL6 and OsYSL5 (Curie
et.al. 2009).
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3.2 Materials and Methods.

3.2.1 Cloning of OsYSL15
RNA was isolated from the roots of 30-day-old Oryza sativa (cv. Nipponbare).
cDNA was synthesized using the SuperScript First-Strand Synthesis System (Invitrogen,
Carlsbad, CA) with oligo(dT) primers. PCR was performed with PfuTurbo DNA
polymerase (Stratagene, La Jolla, CA) and primers YF (5’TGCAGCGAATTCTCGAGCAGCTAAGCGAGATCGAC-3’) and YR (5’TTCTAGAGCGGCCGCCTGCAATCCTCCACCCATGAAAT-3’), which contained
EcoRI and NotI sites (underlined sequences) for cloning, respectively. The resulting
product was ligated into the NotI/EcoRI-digested pYES6/CT vector.

3.2.2 Yeast Complementation
Saccharomyces cerevisiae strain DEY1453 (MATa/MATa ade2/ADE2 can1/can1
his3/his3 leu2/leu2 trp1/trp1 ura3/ura3 fet3-2::HIS3/fet3-2::HIS3 fet4-1::LEU2/fet41::LEU2), was used. The DEY1453 strain has intact systems for uptake of iron chelated
by bacterial siderophores (Lesuisse et al. 2001) but does not take up PS-bound Fe (Curie
et al. 2001).

DEY1453 was transformed with pGEV-Trp and pYES6_OsYSL15 or pGev-TRP
and pYES6/CT, using a modified lithium chloride transformation method (Elble, 1992).
To maintain lines, SD –TRP medium was supplemented 50 mM Fe citrate, pH = 4.2 and
10ug/ml Blasticidin ( Invitrogen, Carlsbad, CA). For the assay, SD –Trp medium was
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made with metal-free yeast nitrogen base (U.S. Biological, Swampscott, MA). Cu, Zn,
Mn, and Fe were added from liquid stocks to appropriate metal concentrations and 4.9g
of MES was added as a buffer. The pH was adjusted with NaOH or HCl to 5.7 for
experiments with Fe(II)-NA or pH 6.0 for experiments with Fe(III)-DMA.

For Fe(II)-NA, 125ul of 200mM of ascorbic acid was placed in the center of each
plate. To that 7.5ul of freshly prepared Fe(II)SO4 was added followed by 20ul of 10mM
NA. The solution was pipette mixed and given 10min to allow complex formation. 25ul
of 10uM β-estradiol was then added to the plate and 25 ml of molten SD –Trp with
10ug/ml Blasticidin was immediately added, the contents were mixed and the plates were
allowed to solidify. Plates were always prepared the same day the assay was performed,
with yeast spotting performed within three hours.

Yeast suspensions were prepared from 3-day-old yeast colonies, which were
removed from plates and suspended in sterile H2O to an OD550 of 0.1. Serial dilutions
(1:10, 1:100, 1:1000, and 1:10,000) of the suspension were prepared, and 7 µL of each
dilution was spotted on the plates. Plates were incubated at 28°C for 3 d.

For Fe(III)-DMA, 34ul of 7.4mM FeCl3 was placed in the center of the plate.
25ul of 10mM DMA was added to the FeCl3 solution, mixed, and given 10 minutes to
allow complex formation of Fe(III)-DMA. If preparing plates with BPDS, 25ul of 10mM
BPDS was added and mixed. 100uL of 10uM β-estradiol was added to the plate and 25
ml of molten SD –Trp with 10ug/ml Blasticidin was immediately added, the contents
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were mixed and the plates were allowed to solidify. The remaining protocol was
identical to that for the Fe(II)-NA plates.
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3.3 Results
The collaboration with Dr. Lee started with him providing us with a yeast
expression vector containing OsYSL15 cDNA. I performed yeast functional
complementation in fet3fet4. Though ZmYS1, my positive control, complemented
growth, the OsYSL15 construct provided by Dr. Lee did not (Figure 8). I sequenced the
clone and found several mutations in well conserved domains indicating that the probable
reason for failure of OsYSL15 to complement growth was an incorrect clone sequence.
While this was a setback it allowed us to revaluate the yeast assay we had in place,
making changes to the assay to enhance its robustness and alleviate any concerns of
vector influences (see below). To obtain a new full length OsYSL15 cDNA, I isolated
RNA from the roots of a 30 day old rice plant. This RNA was used to amplify a full
length cDNA product for cloning into pYES6/CT.

The new yeast functional complementation assay that we developed is a two
vector inducible system, which allows us to control expression levels. This system
employs Invitrogen’s pYES6/CT vector, a yeast expression vector with a GAL1 promoter
region and a peptide tag (Figure 9). I co-transformed fet3fet4 yeast strain with
pYES6/CT and pGEV-TRP. The pGEV –TRP vector contains a chimeric activator that
consists of a GAL4 binding domain, β-estradiol receptor, and the C-terminus of the viral
transcriptional activator – VP16 (Figure 9).

Together, the two vectors work to regulate

YSL transcription: The pGEV-TRP activator is constitutively transcribed by MRP7
promoter and the chimeric activator is activated by binding with β-estradiol, the GAL4
domain of the activator binds to the GAL1 promoter region of pYES6/CT and the
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Figure 8. Functional complementation of fet3fet4 yeast. DEY1453-derived
DEY1453
yeast
strains transformed with pDR195 and constructs expressing OsYSL15, ZmYS1 or
empty pDR195, were grown on synthetic defined medium containing: A, 50µM
iron citrate; B, 10µM
M Fe(III)Cl3; C, 10µM Fe(III)Cl3 with 10µM
M DMA; D, 40µM
Fe(II)SO4; E, 40µM
M Fe(II)SO4 with 40 µM
M NA. Pairs of spots correspond to 1010
fold and 100-fold
fold dilutions of the original cultures.
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C-terminus of the viral transcriptional activator, VP16 initiates transcription for the
YS1/YSL gene (Figure 9).

To ensure that the fet3fet4 strain I used had not regained the ability to acquire
non-chelated iron I plated this strain on medium containing minimal iron and medium
with supplemented iron. As expected, the strain did not grow on minimal iron plates
(data not shown). To determine optimal assay conditions three factors needed to be
examined: pH, iron concentration, and β-estradiol concentration.

To determine optimal pH and iron concentrations I started with conditions I had
previously defined for the OsYSLs cloned in pDEST vectors. Fe(II) plates were prepared
using 3uM, 4uM, and 5uM FeSO4. Plates with each metal concentration were brought to
different three different pH’s: 5.7, 5.9, and 6.0, for a total of 9 plates. Fe(II)
concentration and pH levels were values similar to those previously used in our lab. To
determine the best conditions for this assay, I wanted to find both pH and metal levels
that were just below the pH and concentration that the fet3fet4 yeast could live on without
functional complementation. For example, for Fe(II) I concluded my optimum pH was
5.7 and Fe(II) was 3uM, if I lowered my pH or raised my iron concentrations the fet3fet4
strain would grow without a complementing gene. Similar analysis was performed for
Fe(III), with pH values ranging from 5.7 to 6.4, and Fe(III) concentrations from 4uM to
20uM. For Fe(III)-DMA the optimal pH was 6.0 with a Fe(III) concentration of 10uM.
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Figure 9. Yeast complementation vectors. The plasmid pGEV
pGEV-TRP
TRP contains
con
a
chimeric activator (pHCA/GEV, which contains a Gal4p DNA binding domain,
β-estradiol
estradiol binding domain, and the C
C-terminus
terminus of the herpes viral transcriptional
activator VP16) that is constitutively transcribed by MRP7 promoter. The Gal4p
domain of pHCA/GEV
A/GEV binds to the GAL1 promoter region on pYES6/CT. Upon
binding of β-estradiol
estradiol the transcription of YS1 or YSL is activated.
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To determine optimal β-estradiol concentrations, I referred to an article by Gao
and Pinkham (2000). This group refined the β-estradiol dose-dependent expression
system for yeast. They show low transgene expression starting at 5nM β-estradiol,
moderate expression levels at concentrations near 50nM and elevated expression levels
greater than 100nM.

Consistent with these data, I plated yeast with my previously determined pH,
metal, and chelator levels, with β-estradiol concentrations ranging from 0 to 100nM.
From those results I determined the β-estradiol concentration that clearly allowed
complementation, and thus defined my β-estradiol levels.

For Fe(II)-NA the pH used was 5.7, Fe(II) concentration was 3uM, NA
concentration was 8uM, and β-estradiol was 10nM. For Fe(III)-DMA the pH was 6.0,
Fe(III) concentration was 10uM, DMA concentration was 10uM and β-estradiol
concentration was 40nM. To ensure that an off state could be achieved, I also plated on
medium with no β-estradiol (Figure 10).

Utilizing these assay conditions I have now shown that yeast expressing
OsYSL15 or AtYSL3 can grow on medium supplemented with Fe(III)-DMA but not with
Fe(III) alone (Figure 10). To ensure that OsYSL15 and AtYSL3 are transporting Fe(III) –
DMA and not Fe(II)-DMA I included bathophenanthroline disulfonate (BPDS). BPDS
is a strong Fe(II) chelator that will preferentially bind to Fe(II) resulting in Fe(III) being
the only form available to bind with DMA. To act as a negative control, the empty
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pYES6/CT was included with these conditions. As expected, the negative control did not
confer growth on any of the plates with restricted metal levels.

With Fe(II) provided as the sole source of iron, no growth was conferred to any of
the strains used. When NA was added in addition to Fe(II), growth was conferred by all
YSLs tested: AtYSL1, AtYSL3, AtYSL4, AtYSL6, and OsYSL15. Again the empty
pYES6/CT transformed fet3fet4 strain did not grow, nor did strains grown on 0 βestradiol – therefore demonstrating that it was the expression of these YSLs that
conferred growth and that we could maintain extremely low expression levels for these
genes.

To demonstrate the viability of the stains, including the negative control, all were
grown under permissive conditions (50 uM iron citrate) (Figure 10).
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Figure 10. Functional complementation of fet3fet4 yeast. DEY1453-derived
DEY1453
yeast strains transformed with pGEV
pGEV-TRP
TRP and constructs expressing OsYSL15
or empty pYES6/CT, were grown on synthetic defined medium containing: A,
50µM
M iron citrate; B, 10µM Fe(III)Cl3 with 40nM β-estradiol;
estradiol; C, 10µM
Fe(III)Cl3 with 10µM
M DMA with 40nM β-estradiol; D, 10µM
M Fe(III)Cl3 with
10µM DMA with 0 ββ-estradiol; E, 10µM Fe(III)Cl3 with 10µM
M DMA with 10µM
10
BPDS with 40nM β--estradiol; F, 10µM Fe(III)Cl3 with 10µM
M DMA with 10µM
10
BPDS with 0 β-estradiol.
estradiol. G, 50µM iron citrate; H, 3µM Fe(II)SO4 with 10 nM
β-estradiol; I, 3µM
M Fe(II)SO4 with 8 µM NA with 10 nM β-estradiol;
estradiol; J, 3µM
Fe(II)SO4 with 8 µM
M NA with 0 β-estradiol.
estradiol. Pairs of spots correspond to 10-fold
10
and 100-fold
fold dilutions of the original cultures.
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3.4 Discussion
Inoue et al. (2009), was one of two recent papers to present studies on the
ZmYS1 ortholog in rice (Lee et al. 2009); (Inoue et al. 2009). Inoue et al. (2009)
concluded that OsYSL15 is the rice ortholog of ZmYS1, and based their conclusion on
expression patterns, yeast complementation, Xenopus oocytes, and RNAi knockdowns.
Their expression data is a semi-quantitative analysis of the eighteen OsYSLs for three
tissues (epidermis, root cortex and root stele) in both iron sufficient and iron deficient
plants. They show expression of ten OsYSLs including upregulation of OsYSL15 in the
root epidermis under iron deficiency (Inoue et al. 2009). Unfortunately it is difficult to
determine if other YSL members are in fact up-regulated because five of the genes that
show expression are saturated at all sample points in both iron deficient and iron
sufficient conditions (Inoue et al, 2009). The yeast work, while supporting their
conclusion, shows an empty expression vector (pDR195), pDR195_OsYSL15 and
pDR195_ZmYS1 on media with iron, without iron and without iron plus Fe(III)-DMA.
As expected the yeast grew well on iron enhanced media but puzzling was the fact the
pDR195 control seemingly grows better on iron deficient media without Fe(III)-DMA,
than iron deficient media with Fe(III)-DMA. Equally troubling is that the empty pDR195
control has a visibly lower titer as compared to the pDR195_OsYSL15 and
pDR195_ZmYS1 spots on the supplemented plate. The group goes onto demonstrate that
OsYSL15 knockdown lines had severe problems in germination and early growth and that
the application of iron rescues these plants. This germination or early growth phenotype
is not an expected outcome of a mutation in the rice YS1 ortholog. To show that their
knockdowns did not reduce the abundance of other YSLs transcripts they include
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quantitative real-time PCR of three of the most similar OsYSLs; curiously these analyses
indicate that OsYSL2 transcripts were increased by ~ 50%, while OsYSL16 transcripts
were 20-30% lower. Only OsYSL9 transcripts remained relatively consistent with levels
in the control plants. Additionally, the GUS promoter data presented in this paper shows
transcription in the epidermis and vascular tissue of iron deficient roots as well as in the
developing flowers and seed.

In collaboration with Lee et al. (2009), we published a paper identifying
OsYSL15 as the Fe(III)-DMA transporter. To support this conclusion qPCR was
performed on all OsYSLs that showed expression in seedlings under iron sufficient and
iron deficient conditions. Focusing in on the group of OsYSLs most similar to ZmYS1
and HvYS1, (Figure 4) strong upregulation occurred in the shoots for OsYSL2, OsYSL9,
and OsYSL15 of iron deficient seedlings with OsYSL2 and OsYSL15 showing the
strongest up-regulation in the roots of iron deficient seedlings. Kioke et al. (2004),
performed extensive analysis on OsYSL2 and concluded that it acted as an Fe(II)-NA and
Mn(II)-NA transporter in vascular tissue. To analyze the temporal and spatial expression
patterns of OsYSL15, Lee et al. (2009) generated transgenic plants with promoter GUS
fusions. Much like the GUS fusions from Inoue et al. (2009) the strongest pattern to
emerge is the up-regulation upon iron deficiency in both the epidermis and vasculature of
the roots and increased transcription in all tissues of leaves with the exception of the
epidermis. Within the spikelet, GUS staining was visible in the vascular bundles and,
after pollination, was visible in the carpel. These data indicate a role for OsYSL15
beyond the acquisition of iron from soils and suggest it plays a role in the Fe(II)-NA
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distribution, a role that is supported by yeast functional complementation. To identify
subcellular localization of OsYSL15, an OsYSL15 GFP fusion was created. For a
control, an Arabidopsis proton ATPase2 (AHA2) red fluorescent protein (RFP) fusion
was used. The expression of this protein has previously been localized to the plasma
membrane (Kim et al. 2001). Constructs of both were expressed transiently in onion
epidermal cells, and the pattern of localization from the OsYSL15:GFP and
AtAHA2:RFP was identical, indicating expression in the plasma membrane (Lee et al.
2009).

To determine how a disruption of OsYSL15 would affect growth, plants with TDNA insertions within OsYSL15 were identified. Homozygous knockout plants were
identified, which, when grown on MS medium with sufficient nutrients, did not display a
phenotype compared to wild type. In Fe-deficient conditions, however, osysl15 mutants
exhibited chlorosis and had impaired growth, with lower height, weight and chlorophyll
concentrations, as expected based on the phenotype of ys1 mutants in maize. No
germination defects were noted in osysl15 plants.

The functional complementation of the fet3fet4 strain by OsYSL15 supports the
idea that this is the Fe(III)-DMA transporter in rice. Coupled with the existing mutant,
expression and localization data it seems conclusive that this is the ZmYS1 ortholog in
rice, transporting Fe(III)-DMA from the surrounding soils. In addition, the results
showing that OsYSL15 can transport Fe(II)-NA are significant since, when they are
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combined with expression data, they suggest an expanded role for OsYSL15 in the
redistribution of iron.

Combined with up-regulation data in chapter 2 we have an expanded
understanding of the roles of OsYSLs. Because this work was accomplished in the first
fully sequenced graminaceous plant, it allows many opportunities for researchers to make
contributions to the understanding of iron homeostasis through bioinformatics.
Regulatory regions from OsYSLs can be compared with other proteins known to be
regulated by metal status such as DMAS or IRT1.

The identification of OsYSL15 as the Fe(III)-DMA transporter is also significant
in determining which residues confer the ability of Fe(III)-DMA transport compared to
Fe(II)-NA. Previously, researchers were able to compare sequences using only ZmYS1
and HvYS1, the increase of reference sequences should significantly help with
bioinformatic analysis.

AtYSL1, AtYSl2 and AtYSL3 are expressed strongly in the xylem parenchyma of
leaves and are down regulated during iron deficiency (DiDonato et.al. 2004; Waters et.al.
2006). GFP-protein fusions in both transiently expressed onion skin cells and stably
expressed Arabidopsis plants show that AtYSL1, AtYSL2 and AtYSL3 are targeted to
the plasma membrane (Chu et.al., unpublished data). The ysl1ysl3 double mutants exhibit
strong interveinal chlorosis in expanding leaves (Waters et.al. 2006), and have numerous
reproductive defects resulting in reduced fertility and seeds which often fail to germinate
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(Waters et.al. 2006). Waters et al. (2006) showed that these genes are up regulated
during senescence, and that the ysl1ysl3 mutant has deficient export of copper and zinc
from senescing leaves. Seeds from this mutant have reduced iron, copper and zinc
levels, suggesting metal deficiencies could be caused by reduced mobilization from
leaves. To determine the roles of AtYSL1 and AtYSL3 in leaves and inflorescences
during seed development, our lab has used inflorescence grafting. By grafting primary
inflorescence stems of ysl1ysl3 double mutant plants onto wild type plants, we were able
to determine if functional AtYSL1 and AtYSL3 in the leaves and shoots would be
sufficient to restore reproductive defects. Both seed set and seed weight from the grafted
plants were significantly higher than un-grafted double mutant plants, but that levels of
iron, copper and zinc still remained below that of the wild type/wild type grafted control
plants (Chu et.al., unpublished data). Thus, it appears that functional copies of these
AtYSLs are needed in order for the seeds to contain normal metal levels at maturity.
Given this information, we thought it would be useful to determine if YLS1 and YSL3
could transport NA chelated Fe(II). The finding that both these transporters do
complement growth of the fet3fet4 strain when given Fe(II)-NA as a substrate, gives
further evidence to support the proposed roles of both AtYSL1 and AtYSL3 in the
translocation of iron. The fact that AtYSL3 confers growth to fet3fet4 when given
Fe(III)-DMA is a bit of an enigma, it could be that in planta this protein acts as an
Fe(III)-NA transporter. To test this several rounds of yeast functional complementation
were performed with Fe(III)-NA as the substrate, but I did not ever observe growth.
This could be attributed to AtYSL3 not using Fe(III)-NA as a substrate or it could be I
did not get the Fe(III)-NA complex to form in this assay.
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AtYSL4 and AtYSL6 were identified by Jaquinod et.al. (2007) in a large scale
Arabidopsis vacuole proteomics study. This study was conducted to better understand
the mechanisms involved in protein and metabolite trafficking and degradation. In this
study, AtYSL4 and AtYSL6 were the only YSLs identified (Jaquinod et.al.2007). An
accumulation of NA has been detected in vacuoles of leaves and roots of plants treated
with an excess of Fe (Pich et.al. 1997). Given the proteomic data (Jaquinod et.al. 2007),
AtYSL4 and AtYSL6 were potential candidates for being responsible for this
intracellular compartmentalization. Our lab have subsequently shown (Chu, unpublished
data) that YSL6 localizes to the plasma membrane, suggesting that the Jaquinod results
stem from contamination of tonoplast preparations with plasma membrane. Since
microarray and other expression data suggest that YSL4 and YSL6 are the most
abundantly expressed YSL proteins in Arabidopsis, it is not surprising that these two
could be found as contaminating PM proteins. As stated earlier, AtYSL4 and AtYSL6
fall into a separate clade from OsYSL15 and are instead grouped together with OsYSL6
and OsYSL5. In Figure 7, I showed that OsYSL6 is upregulated in flag leaves and
glumes during seed filling and flag leaf senescence. Given this information, we decided
to also include AtYSL4 and AtYSL6 in our fet3fet4 complementation analysis. The
results from the yeast functional complementation indicating these proteins can transport
Fe(II)-NA significantly increases the amount of data gathered for these transporters.
Furthermore, to complement growth the transporters must import the substrate, this
indicates that these YSLs are most likely not involved in the export of metals from the
vacuole.
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